The effect of 02 partial pressure on the germination and the respiration of 12 cultivated species was studied. The reciprocal of the time necessary to observe rootlet emergence in 50% of the seeds was used to approach the germination rate. The maximum germination and respiration rates were reached in most seeds at 02 pressures close to that ofair. Decreasing the 02 pressure produced a gradual decrease of the germination rate. The seeds could be classed in two groups according to their response to IOW 02 pressures. Group I includes lettuce, sunflower, radish, turnip, cabbage, flax, and soybean: at 02 pressures close to 2 kilopascals, the germination in this group was stopped and the adenylate energy charge was lower than 0.6. Group II includes rice, wheat, maize, sorghum, and pea. The germination rate of these seeds was also gradually decreased by lowering the 02 partial pressure but germination still occured, very slowly, at 0.1 kilopascal; the adenylate energy charge remained higher than 0.6. These differences in the germination rates and adenylate energy charge values could not be explained by differences in the sensitivity of respiration to 02-The effect of P02' on seed germination has been studied by only a few authors (9, 15, 17, 28) . In two graminae, rice and Echinochloa crus galli, the coleoptile is able to grow under anaerobiosis (10, 26, 30) and the coleorhiza of Echinochloa is able to emerge (29). Apart from these two exceptions, seed germination, as well as other growth processes in higher plants, requires 02-The respiration of seeds increases dramatically during the first hours of imbibition, which corresponds to germination phase I ( 11); afterwards, it stabilizes, or increases more slowly (germination phase II), until rootlet protrusion which completes the germination process (5). Heichel and Day (9) observed that the germination of monocots occurs at P02 as low as 2 kPa, whereas the germination of most dicots required higher P02. They concluded that oxidation systems involved in germination require 02 levels greater than 2 kPa and that these systems differ in monocots and dicots. The Cyt oxidase is the site of most respiratory oxidations (12, 19 about 15 kPa (18). This has been explained by the presence of barriers to the diffusion of 02 from the surface of the seed envelopes, to the internal membrane ofthe mitochondria (7, 20) . Thus, it could be hypothesized that those seeds which are unable to grow below 2 kPa O2 require higher P02 for respiration than the other seeds.
germination in this group was stopped and the adenylate energy charge was lower than 0.6. Group II includes rice, wheat, maize, sorghum, and pea. The germination rate of these seeds was also gradually decreased by lowering the 02 partial pressure but germination still occured, very slowly, at 0.1 kilopascal; the adenylate energy charge remained higher than 0.6. These differences in the germination rates and adenylate energy charge values could not be explained by differences in the sensitivity of respiration to 02-The effect of P02' on seed germination has been studied by only a few authors (9, 15, 17, 28) . In two graminae, rice and Echinochloa crus galli, the coleoptile is able to grow under anaerobiosis (10, 26, 30) and the coleorhiza of Echinochloa is able to emerge (29) . Apart from these two exceptions, seed germination, as well as other growth processes in higher plants, requires 02-The respiration of seeds increases dramatically during the first hours of imbibition, which corresponds to germination phase I ( 11); afterwards, it stabilizes, or increases more slowly (germination phase II), until rootlet protrusion which completes the germination process (5) . Heichel and Day (9) observed that the germination of monocots occurs at P02 as low as 2 kPa, whereas the germination of most dicots required higher P02. They concluded that oxidation systems involved in germination require 02 levels greater than 2 kPa and that these systems differ in monocots and dicots. The Cyt oxidase is the site of most respiratory oxidations (12, 19) . Although the affinity of this enzyme for 02 is extremely high (Km 0.1 Mm, i.e. 0.008 kPa), the respiration of many plant tissues and organs starts to be limited within a range of P02 several orders of magnitude higher, close to the p02 of air (i.e. 21 kPa). For instance, the critical p02 of the respiration of lettuce seeds during phase II of germination is 'Abbreviations: PO2, oxygen partial pressure; AEC, adenylate energy charge. about 15 kPa (18) . This has been explained by the presence of barriers to the diffusion of 02 from the surface of the seed envelopes, to the internal membrane ofthe mitochondria (7, 20) . Thus, it could be hypothesized that those seeds which are unable to grow below 2 kPa O2 require higher P02 for respiration than the other seeds.
Oxidative phosphorylation is not the only mechanism that produces ATP in seeds. It has been shown that fermentation is very active during the initial phases ofgermination ofsome seeds (14) . Nevertheless, it was shown recently that fermentation contributes very little to ATP regeneration in lettuce seeds (24) . This observation led to a second hypothesis (1): the seeds which are unable to germinate at P02 lower than 2 kPa regenerate less ATP by fermentation than the others.
It has been established that the value of the ATP/ADP ratio, or the AEC, are correlated to the activity of the energy metabolism under hypoxia or anoxia (22) . In rice embryos under anoxia, the rate of protein synthesis and the metabolism of mRNA (3, 21) are related to the AEC in the range 0.65 to 0.80. In lettuce seeds under anoxia, the low value of the AEC is correlated to a low metabolic activity (23, 24) ; the incorporation of amino acids into proteins is very low (21) . The High pressure mixtures of 02 and N2 were prepared in the laboratory and analyzed for O2 as described previously (23) .
The uncovered Petri dishes were placed in 1 -L anaerobic jars; for each gas mixture, eight jars were connected in series. At the exit of the cylinder, the gas was sterilized through a Millipore membrane (0.2 ,um) and moistened before entry into the first jar. In order to limit the time of equilibration, the jars were submitted, three times, to a partial vacuum (about 30 mm Hg) and filled with the gas mixture being studied. Afterwards, the seeds were left in the dark; a 100-ml/min gas stream was passed through the jars for the duration of the experimental period. After the germination rate is nil, can be determined by extrapolation in Figures 3 and 4 . POGa,, is around 2 kPa in group I and below 0.1 kPa in group II. When the seeds were returned to air, the percentage of radicle emergence was at least 90% of the control in air.
Respiratory rate. The critical 02 pressure, PIOOR, of the different seeds is given in Table I . Two species, pea and maize, exhibited high PIOORC,, values: 69 and 56 kPa, respectively. The PI00 R, of flax seeds (32 kPa) and radish (26 kPa) were also higher than the P02 in air. The P100R,of the other seeds ranged from 7 kPa (in wheat), to 19 kPa (in soybean). The P02 at which the respiratory rates are 50% of the maximum values, P50RCsp, ranged from 20 kPa (in pea), to about 2 kPa (in rice, sorghum, and wheat). In most seeds, the value of the P80Rp,/P20R.S ratio was about 6. The lowest value observed was 4.6 (in cabbage) and the highest was 14.3 (in rice). These data show that the sensitivity of respiration to 02 is similar in the various seeds and cannot explain the differences observed in the sensitivity of the germination rates to the P02-Relationship between Respiration and Germination. The relationship established from our results for germination and respiration (Figs. 5 and 6) is only an approximation of the true relationship between these two processes: the respiration rate was measured using seeds imbibed aerobically for a period which was about half of the t_v in air, whereas the germination rate depends on the metabolic activity from the beginning of imbibition until the occurrence of the rootlet protrusion. Nevertheless, the metabolic activity during phase II of germination is probably close to the mean of the metabolic activities in phases I and II; preliminary results showed that during phase II, the sensitivity of respiration to P02 varies little (data not shown).
In maize, sorghum, rice, lettuce, cabbage, and radish, the values of PlOOG0r,, and PIOOR0, were similar. In some seeds, the maximum germination rate was observed at a P02 (P100G,) lower than the PIOOReO,: the relative respiration rate at PIOOeG, was 75% in pea, and about 80% in wheat, flax, and soybean. In all seeds, the rate of germination decreased gradually when the respiratory activity decreased. In seeds of group I (Fig. 5) h. This is the case for most cultivated annual species. However, the t-o of rice seeds was 22 d at PO2 = 0.01 kPa (Fig. 2) . At the end of the experiments, more than 90% of the nongerminated seeds, as compared to the control, were still alive: they germinated when returned to air.
The surface sterilization treatment was done in air: it corresponded to the initial phase of imbibition. During the 2-h period before the seeds were placed under a controlled atmosphere, the metabolic activity is initiated gradually. Many syntheses occur during this period (5, 8) (27) . Consequently, the respiration was estimated in gaseous media, as was the germination rate. The cell was filled with wiped seeds in order to obtain respiratory rates high enough to carry out the measurements before the end of germination phase II. Some years ago, Armstrong and Gaynard (2) asserted that the high PlOORS. reported for plant tissues were due to the excision of organs, or blocks of tissues. However, Pradet and Bomsel (20) underlined that the high values of PI00OR1 and P50RC, ( It has been reported that, before radicle protrusion, germinating seeds are under natural anaerobiosis (14) . Our results question the generality of this observation, since the respiratory activity of 9 of the 12 studied species was saturated in air. On the basis of these data, natural anaerobiosis would be observed only in pea, maize, and flax. However, in Phaseolus mungo seeds, fermentation during the early germination phases was attributed to an excess of the flux of glycolysis over that of respiration (16) . A study of fermentation in the seeds studied here, showed that fermentation in air was significantly active only in pea and maize (25) . P02 and Germination. The cultivated seeds studied here present a common picture: the highest germination rate is observed at PO2 slightly lower, or higher (pea and maize), than the P02 of air. This result is of agricultural importance, since it means that in the soil, pea and maize seeds are necessarily submitted to suboptimal P02. It also means that soil aeration may become a critical factor during the initial phases of seed germination for most, if not all, cultivated species.
As noted previously (9) the sensitivity of germination to P02 differs greatly depending on the species. At low P02, two opposite behaviors were observed. The germination of some of the seeds (classed in group I) was stopped below 3 to 1 kPa O2, whereas the germination of others (group II) still occurred at 0.1 kPa. The seeds of Echinochloa are similar to those of group 11 (26) . We found no species exhibiting an intermediate behavior, but it may be expected that such seeds exist among other cultivated, or wild species.
In a study which included 12 monocots, Heichel and Day (9) found that the monocots were able to germinate below 2 kPa 02. The 4 monocots studied here belong to the graminae and their germination occurs at very low P02. The seeds of E. crus galli, which is also a graminae, exhibit similar properties (26) .
However, radicle emergence in two dicots (Celosia and cucumber) is also possible at low PO2 (28) , and we show here that pea is able to complete its germination below 0.1 kPa O2. Consequently, the ability to germinate at low P02 is not a property that is restricted to monocots. It seems to be related to the nature of the seed reserves: the seeds exhibiting germination at low P02 contain starch, while most seeds unable to grow at low P02 do not. However, we found recently that in the starchy seeds of lentil the radicle did not emerge below 1 kPa. The growth of rice coleoptiles is still possible at pO2 lower than 0.1 Pa (13) . This growth is certainly O2 independent. The protrusion of some rice rootlets was observed after a long delay at 3 Pa, but not below.
We know of no report of biological effects of 02 at such low partial pressures.
Controlling Factors in Germination. Our results show that the hypothesis that the differences in the sensitivity of seed germination to O2 could be explained by differences in the sensitivity of respiration to O2 has to be discarded. None of the seeds exhibited a high affinity for O2 and the two seeds having the lowest affinity for O2 (pea and maize) belong to the group of seeds that are able to complete germination at very low PO2.
In seeds of group I, the relative rates of respiration and germination correlate well between 100 and 50% oftheir maximum values (Fig 6) . Within this range of values, germination seems to be under the direct control of respiration. At lower P02, the germination rates decreased more rapidly than the respiration rates, showing that a factor other than the rate of ATP regeneration becomes limiting. That the controlling factor is related to the value of the adenine nucleotide ratios, such as ATP/ADP, is suggested by the fact that, in all the seeds studied, the AEC reached values close to 0.6 when the p02 was close to the POGc: the ATP/ADP ratio is related to the value of the AEC, because the reaction catalyzed by the adenylate kinase is in near-equilibrium (4, 22) . Such a control could be in agreement with Atkin- son's hypothesis that the flux in ATP-consuming pathways is decreased when the AEC is decreased, although this control would occur at AEC values much lower than those considered by Atkinson (4). In seeds of group II, the relative germination rate was still close to 50% when the respiratory rate was only about 10%. This shows that the respiratory rate exerts little control on the germination rates in these seeds and suggests that, under hypoxia, fermentation yields enough energy to compensate for the lower respiratory rate. The block of germination at low P02 in seeds of group II does not result from a decrease of the AEC (Figs. 3, 4 , and 7); in this case, 02 may become limiting at the level of some biosynthetic pathways.
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